In central Siberia, past temperature changes have been driving permafrost warming in a region with large organic carbon reserves stored in the perennially frozen ground. However, local arctic temperature histories in the ice-rich permafrost areas of the remote Russian Arctic are sparsely known or based on proxy data with potential seasonal biases and underrepresented in circum-Arctic reconstructions. This study employed two inversion schemes (particle swarm optimization and a least-square method) to reconstruct temperature histories for the past 200-300 years in the Laptev Sea region from two permafrost borehole temperature records. These data were evaluated against larger scale reconstructions from the region. Distinct differences between the western Laptev Sea and the Lena Delta sites were recognized, such as a transition to warmer temperatures a century later in the western Laptev Sea as well as a peak in warming 3 decades later. The local permafrost surface temperature history at Sardakh Island in the Lena Delta was reminiscent of the circum-Arctic regional average trends. However, Mamontov Klyk in the western Laptev Sea was consistent to Arctic trends only in the most recent decade and was more similar to northern hemispheric mean trends. Both sites are consistent with a rapid recent warming that is of synoptic scale. Different environmental influences such as synoptic atmospheric circulation and sea ice may be responsible for differences between the sites. The shallow permafrost boreholes provide missing well-resolved short-scale temperature information in the coastal permafrost tundra of the Arctic. As local differences from circum-Arctic reconstructions, such as later warming and higher warming magnitude, were shown to exist in this region, our results provide a basis for local surface temperature record parameterization of climate models, and in particular of permafrost models.
Introduction
Paleoclimate and paleotemperature reconstructions are important tools for assessing the current climatic changes in the context of past variability as well as improving our understanding of interactions in the climate system. By understanding climate responses to conditions in the past, driving processes can be assessed and predictions made for changing conditions in the future. Global and northern hemisphere scale temperature reconstructions illustrate the anomalous character of recent 20th and 21st century warming in the context of the natural variability of the last millennia [9, 16, 23, 45, 57, 63, 67, 72] , investigate the cause of warming, supporting anthropogenic over naturally occurring forcing [16, 57] , and yield large-scale characteristics of temperature history for the last 2 millennia of up to annual resolution [55, 58, 87] and of millennial-scale resolution for Holocene history and beyond [39, 47, 59] . Based on these centennialto-millennial-scale records, recent centennial scale warming is a global phenomenon that is most rapid in the north.
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mean. In addition, while global scale reconstructions prove useful in assessing the predictions of current large-scale climate models, e.g., their underestimation of the Medieval Warm period [87] , regional-scale models might require less spatially averaged temperature parameters. Siberia, in particular, is the site of rapid change, including warming and sea ice loss, but few data that permit temperature reconstructions exist. Briffa et al. [9] find that summer temperatures reconstructed based on tree ring proxies in northern Siberia differed from the global average in that 15th century summers were warmer than summers in the 20th century. Pollack et al. [76] find a similar trend when studying deep borehole reconstructions from three regions in Russia with northeast Siberia exhibiting anomalously warmer temperatures than the other regions in Russia from the 16th to the 19th century. Thus, strong regional or even local differences in past temperature changes may exist in Siberia, but their seasonal (annual, summer, or winter) as well as spatial character remain unknown.
Given that temperature change in the Arctic is 3-4 times more rapid than the global mean [33] , there is special interest in the region, but temperature history is sparsely documented. In addition, Arctic climate change may be significantly impacted by internal climate variability. Opel et al. [68] report that regional temperature fluctuations in the last millennium in the Barents and Kara Seas region contain abrupt warming and cooling changes suspected to be connected through sea ice cover to shifting atmospheric circulation patterns. McKay and Kaufman [61] compiled a circum-Arctic paleotemperature reconstruction of the last 2000 years. The compilation's density of records is highest in northeast Canada and Greenland and most sparse in arctic Russia. This uneven spatial coverage gives more weight to western hemisphere temperature changes potentially irrelevant to the thick Pleistocene permafrost of Siberia. In addition, the only Russian proxies included are tree ring data, which are primarily sensitive to summer temperatures and other biological stressors. Meyer et al. [62] have shown that winter paleotemperature trends recorded in ice wedge stable isotopes may not follow summer trends. Poor coverage in the Russian Arctic may also affect Huang et al. [38] 's continental scale reconstructions based on deep boreholes. Again, temperature data are sparsest in Asia and no sources are from arctic Russia.
Understanding past temperatures in central Siberia is important, because organic carbon reserves stored in Pleistocene permafrost are sensitive to temperature changes [84] . Warming and thawing of the permafrost releases frozen organic carbon to degradation, mineralization and release into the atmosphere as greenhouse gas [60] . Although strong regional and local differences in variability in the climate system in the Arctic region have been found to exist, local arctic temperature histories in the ice-rich permafrost areas of the remote Russian Arctic are sparsely known or based on proxy data with potential biases and underrepresented in circum-Arctic reconstructions. Since these local temperature changes have driven past permafrost warming and cooling, they are critical to assessing permafrost interactions with other climate components. In addition, temperature reconstructions from borehole data can provide an independent data set for testing local and regional permafrost model parameterization.
In the absence of trees and multi-decadal ice as provider of proxy data in the arctic tundra, there is a need for other sources to fill the gap between usually longer time scale proxy temperature information from lake sediments such as chironomids, pollen (1 or 2 data points in the last 1000 a [1, 49] ) or ice wedge isotopes (centennial resolution and omitting the recent first few centuries due to age control [62] ) and direct observational data (if available, reaching back several decades at best). Geothermal reconstructions from permafrost boreholes could help overcome this limitation. While borehole depths of 300 m are estimated to be necessary to reconstruct the temperature of the last 500 a [44] , shallower permafrost boreholes present a more frequent albeit not widespread possibility for reconstructions of the last few centuries. For many remote permafrost sites of interest with no observational record, these may yield temperatures of the recent past with relatively good resolution for the first time. In addition, geothermal reconstructions from boreholes respond to the temperature signal throughout the year instead of a seasonal bias.
Our objectives are to (i) reconstruct temperature histories for past few hundred years in our Laptev Sea, Russian Arctic, study region using shallow (100 and 65 m deep) permafrost borehole temperature records and (ii) evaluate our results by comparing them to larger scale reconstructions from this region. In this study, we use two inversion methods (least-square QR and particle swarm optimization) to reconstruct the local ground surface temperature history at two sites: Cape Mamontov Klyk and Sardakh Island, located in the western Laptev Sea and in the Lena River Delta, Russia, respectively.
Study sites and borehole temperatures
The Laptev Sea is located in central arctic Siberia, between the Taimyr Peninsula and the New Siberian Islands (Fig. 1) . This region remained unglaciated during the late Pliocene and Pleistocene [22, 83] and is underlain by wide expanses of Ice Complex (Yedoma) deposits of late Pleistocene age on the coastal plains and along large river valleys [31, 83] . Yedoma is composed of ice-rich silts and silty sands with characteristically high organic content (remains of the late Pleistocene mammoth fauna and tundra-steppe flora well Page 3 of 17 7 conserved in permafrost conditions) and large penetrating ice wedges. Sedimentation and syngenetic freezing under the late Pleistocene cold-dry-climate conditions created up to 50 m-thick Yedoma deposits [82, 83] . During sealevel low stands, large accumulation plains are considered to have stretched over 200 km offshore of Mamontov Klyk on the continental shelf. Subsequent sea-level rise, inundation, and coastal erosion over the past 11 ka established the present-day shoreline [5] . Due to the continuing long exposure to cold climate, deep permafrost formed. Today, the region lies in the zone of continuous permafrost with thicknesses of 500-1000 m [80] .
The general climate in the Laptev Sea region is Arctic continental with 8-9 month winters and short summers of 2-3 months. Winter temperatures are severe, with mean January temperatures of −30 to −32
• C and mean July temperatures of 3-4 • C [4] . Annual precipitation is between 200 and 300 mm [2] . In winter, cyclones are rare and already in their filling stage. Cloudiness and precipitation are less than in the other arctic regions affected by the Atlantic or Pacific to the east and west. In summer, winds subside and atmospheric circulation weakens. High relative humidity and fogs are common [90] .
The Laptev Sea coastal region is part of the northern tundra zone [4, 13] . Active layer thickness in this zone of continuous permafrost is around 30-40 cm [4] . Vegetation is dominated by moss-grass/low-shrub tundra with vascular plants, mosses, and lichens [2] .
The borehole locations ( Fig. 1 [71] . The borehole is located on a bluff on the coastal plain where thermokarst and lakes affect about 50% of the coastal plain landscape [30] . The upper stratigraphy of the borehole is Ice Complex deposits of Late Pleistocene origin with ground ice content of up to and exceeding 80% by volume. The subsurface is mostly silty sand with relatively high organic content [81] . The thawing coastal bluff is 25-30 m high, and the coastline currently retreats relatively quickly at 4.5 ma −1 compared to an average of 2.5 ma −1 for Ice Complex coastlines in this region [28, 97] . In the Western Laptev Sea, upper Cretaceous-Cenozoic sandy-silty deposits several kilometers thick overlie the bedrock. At Cape Mamontov Klyk, at least 2 km of these sandy silts are inferred from seismic-geological profiles [27, 86] . Borehole sediment composition, including organic, mineral, and water contents, is given by Winterfeld et al. [95] .
Sardakh Island lies in the southern part of the Lena Delta. A 100 m-deep borehole was drilled in April and May 2009. The Lena Delta has been subdivided into three geomorphological terraces, the oldest of which is exposed in fragments in the southern part of the delta and formed in the middle to late Pleistocene. The second terrace makes up the western part of the delta, a region called Arga Island, and formed in the late Pleistocene to late Holocene, while the eastern terrace is the currently active part of the delta and has been formed since the middle Holocene with shallow modern flood plains [3, 85, 93] . Ice wedge polygons in various stages of development are characteristics of the landscape in the delta [64] . In the central delta, bedrock outcrops are scattered-like islands near the surface. Sardakh Island formed around one of these outcrops [26] . Sediments on Sardakh Island consist of Pliocene and neo-Pleistocene deposits of the southern part of the delta. They are ice-rich deposits of loamy sand and overlie actively deformed layers of sedimentary/carbonate rocks and conglomerates, sand, pebbles, and boulders of Devonian age, indicating intensive pre-Pliocene reworking [25] . These can contain lithified organic material and even large pieces of lithified wood [24, 26] . Bedrock may lie close to the surface as suggested by gravity data [48] , but its depth below the surface is unknown. Sardakh Island is undergoing current neotectonic uplift [27] and its elevation of currently about 40 m is comparable to the oldest terrace (though different in genesis). The island's surface is characterized by ice wedge polygons of presumably late Pleistocene origin [25] and a few thermokarst lakes of 30-500 m in diameter.
In contrast to Mamontov Klyk, meteorological data are available from the southern Lena delta: Wagner et al. [93] report mean annual air temperature of −14.7
• C and mean annual precipitation of 190 mm. The 9 month winter with average and minimum temperatures of −30 and −48
• C , respectively, brings heavy snowstorms, while the summer period has average and maximum temperatures of 7 and 18
• C [93] . Recently, Boike et al. [7] report slightly warmer annual mean air temperatures of −12.5
• C from 1998 to 2011.
Both boreholes are part of the Global Terrestrial Network for Permafrost (GTN-P). At both sites, thermistor chains were installed, recording at 1 h interval (Mamontov Klyk) and 6 h interval (Sardakh). Mean temperature profiles for the last year of available data from both boreholes are presented in Table 1 . They are used as the target temperature profiles in the temperature reconstructions. We discard the top measurement, which lies in the active layer. Removing top measurement depths potentially influences the most recent time in the reconstruction. The effect here, however, is negligible, as even the annual temperature signal penetrates much deeper than these missing target depths.
The deepest temperatures recorded by the logger chain at Sardakh Island varied annually by about 0.05
• C , although they were below the damping depth for annual surface signals. These variations were probably a result of cooling and warming of the data logger at the surface. Therefore, only longer than annual trends are regarded when using sensor time series data below 20 m.
Inversion method
To estimate temperatures at times prior to the start of direct observation, the diffusive slow transfer of heat into the ground to different depths on different time scales can be taken into account, and a surface temperature history can be reconstructed that is consistent with the observed temperature profile in the borehole. In this study, we use an adaption of two inversion methods previously applied to temperature measurements from ice core sites [78] .
The inversion scheme employed a flux-conserving finite volume numerical soil model for heat conduction in the subsurface. This forward model was used to calculate temperature vs. depth profiles from surface temperature histories. The inversion schemes optimized temperature history in a leastsquare sense: they minimize the deviation of the forward model output from the observed temperature profile in the borehole, i.e., the unweighted root-mean-square (RMS) error:
to yield a best fit solution for the surface temperature history, where T model is the modelled temperature distribution and T obs the observed temperature data, as shown in Table 1 .
Forward soil model
Diffusive heat transfer is solved numerically in a one-dimensional flux-conserving finite volume scheme (Eq. 2). Freezethaw processes are considered in a three-phase heat capacity/ conductivity model based on de Vries [92] and modified following Ippisch [42] to incorporate the phase change between water and ice (Eq. 3):
where c is heat capacity, i volumetric fraction of phase i (mineral, water, and ice), L f latent heat of freezing, and thermal conductivity. Subsurface thermal properties were retrieved from either the observed temperature field or the sediment composition analysis of the borehole (ESM.2).
Initial and boundary conditions
The time varying upper boundary temperature corresponded to the temperature history. The lower boundary condition was set to the geothermal flux of Q = 53 mW/m 2 [41, 75]. The one-dimensional soil model was solved as a mixed boundary-value problem with the upper boundary being forced by the external temperature variable itself (Dirichlet boundary condition), while the lower boundary was specified by the thermal gradient (Neumann boundary condition) [40] .
The heat stored in the subsurface could be underestimated if the bottom boundary condition placement (BBCP) was too shallow and perturbs the subsurface temperature field [89] . Based on Smerdon and Stieglitz [88] , we identified the necessary BBCP in our model to be at least 550 m below the borehole to prevent boundary condition-related amplitude attenuation within the borehole. We placed the bottom boundary condition well below this threshold at 1000 m.
The initial temperature profile was constructed using temperature observations from a 500 m-deep borehole near Tiksi [29] . Extrapolation below was done by extending the constant heat flux, taking into account the change in temperature profile slope below the permafrost for saturated sand conditions at Mamontov Klyk. Due to its rocky subsurface with low water content at depth, there was no such distinct change in the slope at Sardakh Island. The whole profile was shifted to match the bottom temperature at each site by adding a constant offset. Linear approximation from 20 m upwards to the surface was accommodated dynamically in the optimization process using the initial value of the currently valid surface temperature history. The model implicitly assumes that (i) advective heat transport is negligible, (ii) there are no internal heat sinks or sources in the sediment, (iii) frost heave and the effect of volume changes associated with the phase transition of water and ice are neglected, and (iv) that there is no lateral heat flux.
Optimization
The inversion problem of surface temperature reconstruction does not have a unique solution due to the diffusive nature of heat transport. A heat pulse at the surface spreads spatially as it diffuses into the ground. Temperature at one specific depth, therefore, contains contributions of surface temperature from a range of past times. As a result, an infinite number of possible temperature histories can fit the observed temperature profile perfectly [15] and the problem is underdetermined. The resolution power of borehole temperature reconstruction is limited by this diffusive spreading, which effectively smooths out extrema over time. The result is that the recovered temperature for a certain year in the past is effectively the weighted average of the temperatures in a range around that year. The width of that range grows larger with increasing time into the past [70] . Using theoretical calculations in a homogeneous subsurface, Demezhko and Shchapov [19] estimate the minimum event length resolved in the current ground temperature field to be ± 1∕3 × t � around the time t ′ before the borehole observation. Consequently, we choose methods that do not specify high-frequency changes in the past. In addition, a procedure of averaging with non-uniform running windows should be used whenever comparing temperature time series of constant temporal resolution (such as annual observations) to geothermal reconstructions [18] . To estimate the past surface temperature history T j from the borehole temperature observations, two inverse methods (LSQR and Particle Swarm) were used with the forward soil model to optimize a surface temperature history for each of the borehole sites (Sects. "Least-squares method (LSQR)" and "Particle swarm optimization (PSO) method"). To estimate the time period for which information can be reconstructed from the borehole temperatures, the characteristic penetration depths of thermal heat waves were analysed using the forward model for the two sites (Sect. "Optimization").
Least-squares method (LSQR)
The least-squares QR (LSQR) inversion [78] is a generalized least-squares method (see ESM.3 for more details). Its outcome is a single best solution with minimal variance, that is, the updates on the history to minimize E rms are distributed as evenly over the time span as a locally linearized response allows. To take into account the resolution power discussed above and that only longer wavelength heat waves penetrate to deeper depths with significant magnitudes, for that response, the surface temperature is varied over a minimum event duration [19] around each year. The initial choice of surface temperature history was a linear interpolation of the observed temperature profile vs. depth mapped linearly to the reconstructed time domain.
Particle swarm optimization (PSO) method
In particle swarm optimization (PSO), a group (= swarm) of particles searches in the space of all possible temperature histories to find the best fit to the observed borehole temperature profile. The space of all possible histories is parameterized and the coordinates of a point in the space represent a temperature history. A group is randomly initialized with positions in the search space as well as with velocities with associated inertia keeping the particles on their current trajectories. Each particle evaluates its current position's temperature history and RMS error using the soil forward model. An iterative update to each particles velocity is given by an attractive component drawing a particle in the direction of the position of the best fit so far evaluated by any swarm member, and determines the new position for the next iteration. Due to the combination of attraction and inertia, the method leads to a broad exploration of the search space while focussing specifically on regions with good overall match (RMS error) to the observation. The search terminates once a temperature history with E rms below a specified input threshold is encountered. Many runs with different random initializations were performed and the resulting best fits analysed statistically. This swarm optimization approach is well suited to the nonlinear diffusive character of the problem and a large dimensional search space with potential multiple local and global minima. We used a Matlab implementation of the PSO method by Ebbesen et al. [21] . Systematic variation of the optimization parameters in the implementation resulted in values given in Table 2 to yield most robust search results, i.e., the probability of a single swarm reaching the specified input E rms threshold. Paleotemperature reconstructions for the northern hemisphere and for the Arctic predict anomalies on the order of < 1 and 1-2
• C over the last 2000 years, respectively [58, 61] . For the initial random particle positions, a subspace of three times the larger Arctic range around the Tiksi air temperature average of 1961-1990 was chosen (Table 2) .
To inhibit unresolved high-frequency variations, two choices of parameterizing the search space of possible temperature histories were applied:
Four-segment PSO The four-segment parameterization applied by Roberts et al. [78] in his ice borehole reconstructions. The temperature histories were simplified to four consecutive linear ramps with transition points that were variable during optimization. In this eight-dimensional parameterization, the variables to be optimized are the time and temperature of the three transition points as well as the temperature of the start and end.
Fix time point PSO Fixed time points were spaced, such that the span of ±1/3 around them did not overlap adjacent spans. In this parameterization of the search space, only the temperatures at each fix time point varied. The advantage was effectively a higher number of segments which should be more stable at higher search space dimensionality in the optimization as changes are fully independent of each other, which was not the case as fully in the four-segment parameterization (changing the location in time of an intermediate point simultaneously affects the temperature at the old point). A disadvantage is that temporal resolution is a priori limited even if the temperature observations could offer more information. In addition, the resulting temperature history curve appears less smooth, because past temperatures are optimized at discrete time ranges.
For both (four-segment and fix time point), 500 stochastic runs of the swarm optimization with random swarm initializations yielded a population of temperature histories. The median was selected as the most likely temperature history and the variation about the median indicate uncertainty including potential short-term variations that are smoothed out by diffusion.
In contrast to the LSQR method, the PSO method employs a Monte Carlo approach to explore the range of possible solutions. Its outcome is a distribution of possible solutions with the freedom of producing sharper changes than the LSQR method. Therefore, we expect the LSQR method to smooth out sharper changes more than the PSO method.
Results

Optimization
The conservatively adopted maximum recoverable period for the borehole depths was 225 a for the Mamontov Klyk borehole site and 260 a at the Sardakh Island borehole site using characteristic penetration depths in homogeneous subsurface conditions and performing LSQR calculations to deal with the limitations of heterogeneous layering at Sardakh (ESM.4). The LSQR implementation was run calculating updates to improve the E rms and saving the result in 0.01
• C steps of decreasing E rms . The lowest attained limit was 0.04
• C at both sites. The distribution of temperatures in the PSO inversion achieved an E rms in the median solution for the fix time points PSO of 2.77 × 10 −2 and 2.66 × 10 −2 • C , for Mamontov Klyk and Sardakh Island, respectively. In this respect, the four-segment-parameterized PSO inversion fell short of both the LSQR and the fixed time point PSO ( 5.46 × 10 −2 and 4.28 × 10 −2 • C at the two sites, respectively) (See ESM.5). The resulting optimal temperature histories are shown in Fig. 2 .
Surface temperature reconstructions
For the Mamontov Klyk site, the LSQR solution shows almost constant temperature levels of −14.2
• C starting before 1800 and continuing throughout the 19th century with only a small one tenth of a degree Celsius rise between 1860 and 1873. A gradual transition to rising temperatures begins in the first decade of the 20th century and warming increasingly in the second half of the century. A slowing of the warming occurs in the 1990s and a maximum of −11.5
• C is reached in 2002. A slight cooling of 0.4
• C follows until 2004 when a recent final strong linear increase sets in culminating the temperature history at −9
• C in 2011, the time of borehole logging. The median solution from the fix time points PSO exhibits a generally similar pattern with gradual deviations. Temperatures start around −14
• C before 1800 falling slightly but gradually by 0.25
• C per century throughout the 19th century before beginning to warm as well in the first decade of the 1900s. The warming rate, however, remains lower with temperatures up to c. 0.3
• C below the LSQR curve, the rate increasing only later in 1950 and again in the 1970s. The PSO shows warming eventually superseding the LSQR level and reaching a maximum 0.6
• C warmer around the same time (2003) . The magnitude of the subsequent cooling is double the LSQR value and the cooling period lasts twice as long. The final increase occurs in the last 2 instead of 5 years. This solution thus shows the sharpest final increase of the three reconstruction methods. The four-segment PSO solution stands apart from the two other solutions. It matches the feature of the recent temperature rise but appears to instead almost linearly decrease backwards prior to that going straight through the variations of the other two curves from 1800 to c. 1980, warming rather steadily by 3
• C in two centuries. For the Sardakh Island site, the LSQR solution shows almost constant temperature levels of −14.3
• C during the 18th centuries with variations of only one 10th of a degree Celsius. A gradual warming begins in the course of the 19th century, significantly increasing in its rate after the turn to the 20th century. Temperatures rise continuously to a maximum of −9.7
• C in the 1980s. The solution displays a subsequent pronounced drop of 1
• C until 2004 before commencing a final large increase in recent years to a maximum of −8.6
• C in 2012, the time of borehole logging. The median solution from the fix time points PSO is made up of coarser ramp periods than the LSQR solution, especially recognizably in the further past. Nonetheless, its solution again exhibits a similar pattern with a few notable deviations. Temperatures begin at a minimum of −15.2
• C in the middle of the 18th century. Temperatures recover by 1.4
• C per century until the end of the 19th century when a further increase in the warming rate to 4.6
• C per century is evident until 1950. This warming continues to a maximum temperature of the same level as in the LSQR but attained slightly earlier in 1979. The subsequent cooling is broken into two consecutive steps, but the magnitude of the overall drop is again over one-and-a-half times as large as in the LSQR falling as low as −11.3
• C . As the solution reaches the same final temperature, the last increase to −8.6
• C is even larger, 2.7
• C in 4 years. The four-segment PSO solution coincides only in the most recent sharp temperature increase, but shows a differing behavior before that point. It is characterized by an almost linear decrease backwards with −1.4
• C per century cutting through the troughs and peaks of the other two curves. Figure 3 presents the temperature profiles down the Mamontov Klyk and Sardakh Island boreholes from observation and by the forward soil model for the inversion solutions of all three methods. In general, forward modelled borehole temperatures from the LSQR and fix time point PSO solutions agree with the observation and with each other (Fig. 2) to within sensor accuracy. Borehole temperatures calculated from the four-segment PSO solution have the poorest agreement with temperature observations around a warmer excursion at 30 and 35 m depth for Mamontov Klyk and a similar excursion at 50 m and a temperature overestimation at 20 m depth for Sardakh Island, though, due to poorer sensor accuracy at Sardakh, even the four-segment PSO profile lies within the uncertainty range. At Mamontov Klyk with its better sensor accuracy, four-segment PSO clearly does not agree to within observation uncertainty. Agreement to these features of the observational record in the reconstruction solutions of the other two methods was also only observed at the final lower E rms thresholds, indicating that such agreement is connected with the ability to achieve lower E rms limits than obtainable with the four-segment PSO inversion.
Thus, the LSQR and the fix time points PSO inversion solutions agree quite well with each other (to an RMS deviation between the two histories of 0.27 and 0.40
• C , at Mamontov Klyk and Sardakh, respectively) and with the observation (to an E rms of less than 0.03
• C and maximal errors of 0.05∕0.06
• C in forward modelled temperature) at both sites. The four-segment PSO reconstruction shows a generally differing temperature history (a three times higher RMS deviation to the other two solutions) and forward modelling yields a smoother temperature profile that captures variations in the borehole profile less well. This method is not able to resolve the temperature variations over the relatively long recoverable time period of modelling (ESM.8).
For a comparison of the ground surface temperature histories of Mamontov Klyk and Sardakh Island, we considered the temperature histories given by the optimal inversion solutions of the LSQR and the fix time points PSO. Solutions at both sites showed a similar warming trend from the colder temperatures of the previous centuries, followed by a maximum and cooling in recent times and a sharp final increase in temperature during the last half decade before 2011/2012. They differed, however, in the timing of the warming as well as the magnitude of the first warming and subsequent cooling in recent times. At the start of the reconstruction, both exhibited almost constant temperatures with variations of only a tenth of a degree and temperature levels are of similar magnitude of c. −14.2
• C (Mamontov Klyk) and −14.3
• C (Sardakh). Temperatures at Sardakh began to rise around 1850 and continued to a maximum of about −9.6
• C at the start of the 1980s. This was followed by a pronounced cooling by 1-1.6
• C over the 13 years before 2004. At Mamontov Klyk, on the other hand, the transition to warmer temperatures commenced almost a century later and rose to a maximum of only -11.5 to −11
• C in the first decade of the 21st century, 3 decades later than Sardakh.
The subsequent cooling was also less (0.4-0.8
• C ) and lasted only for half a decade. The final strong increase in temperatures began only between 2006 and 2009, when it rose to −9
• C in just 2 years. In contrast, this most recent temperature increase commenced earlier at Sardakh (between 2004 and 2008). In addition, although prior maximum temperature levels here had been higher, due to its previous more pronounced cooling, the overall temperature change to the 2011/2012 maximum of −8.6
• C was almost the same as at Mamontov Klyk (2.1-2.8
• C vs. 2.6-2.9
• C ). The final (2011 at Mamontov Klyk, 2012 at Sardakh Island) ground temperatures at both sites were almost similar ( −9 vs. −8.6
• C).
Discussion
Comparison to other temperature data Figure 4 shows the trends of the resulting temperature histories at Mamontov Klyk and Sardakh Island in comparison to other local records from the region as well as to larger scale temperature trends. To be able to compare these records to the geothermal reconstruction, their annually resolved time series were averaged using the non-uniform running windows of the minimum event resolution referenced to the year 2011/2012 CE [18] . For the most recent time span, the results can be compared with direct observational data. The longest record of surface air temperature in the region is available from Tiksi A longer observational data set from 1850 CE onward is given by the spatially averaged northern hemispheric instrumental record of land air anomalies compiled by the Climate Research Unit of the University of East Anglia [46] . On this Fig. 4 a, e Regional surface air temperature (SAT) anomalies at Tiksi [65] , Terpyai Tumus [11] , Stolb Island [77] , Olenek ( 68.5 • N, 112.43 • E ) [54] , and the CRU TS grid interpolation [34] for Sardakh Island and Mamontov Klyk. b, d Two longer scale records, (light blue) circum-Arctic proxy-based temperature compilation from PAGES 2k Consortium [72] , and (black) the northern hemispheric mean temperature anomalies of the instrumental record [46] . c Anomalies of the two reconstructed ground surface temperature (GST) histories at Mamontov Klyk (red) and Sardakh Island (blue) from the LSQR and fix time point PSO inversions. The Terpyai Tumus record is shown twice, in comparison to the Tiksi trend and the Olenek/Mamontov Klyk CRU TS trend. All anomalies are referenced to the 1961-1990 period where possible. The averaging process shortens the record lengths from the periods given in the text. Note the factor of 2 in the scale of the hemispheric and circum-Arctic larger spatial averages larger scale average, temperatures increase only slightly until the middle of the 20th century, after which significant continuous warming sets in. A plateau and slight cooling occur only in the first decade of the 21st century. These periods are reminiscent of the reconstructed Mamontov Klyk temperature trends albeit a factor of 2 lower in magnitude. However, while the Mamontov Klyk reconstruction began increasing again by 2011, the instrumental record shows a comparably rapid recent increase only in the four years up to 2016, following the borehole record (dotted line in Figure) . Mamontov Klyk is undergoing recent surface temperature increases that are ahead of the hemispheric trend but consistent with the Arctic synoptic trend. Olenek, a station located 500 km south of Mamontov Klyk ( 68.5 • N, 112.43
• E ), exhibits a similar trend of a steady increase from the 1930s onward and with relatively low temperatures in the middle of the century.
For periods prior to the availability of direct observations, our temperature reconstructions can be compared to other borehole temperature or proxy-based climate reconstructions. Our 3-4
• C variation between 1900 and 2000 is within the range of other arctic site measurements. Lachenbruch and Marshall [50] demonstrate that Alaskan permafrost subsurface temperatures indicate a spatially variable but widespread warming of the permafrost surface of 2-4
• C during the previous few decades to century. Subsurface borehole temperature reconstructions on a northern hemispheric scale show an increase of 0.9
• C from 1750 to 2000 [37, 38, 74] . Given that Arctic warming is amplified and 3-4 times more rapid than the global mean [33] , our reconstruction's increase of 2.7
• C at Mamontov Klyk until 2000 and a 3.9
• C increase at Sardakh in the same period are reasonable. The variation at Sardakh within this period is, however, even higher with a maximum of 5
• C , placing it at the higher end of expected temperature change. A regional circum-Arctic proxy-based reconstruction with potential bias to western hemispheric influences is given by McKay and Kaufman [61] for the period of 1-2000 CE (Arctic2k). This record overlaps the time span of the Tiksi observational record from 1956-1994. The Arctic2k and Tiksi anomalies have similar trends, but the Arctic2k varies less (by more than a factor of 2) than Tiksi, so that the larger scale mean is again more moderate than our local record. Nonetheless, both records indicate a warmer period beginning in the 1980s, a minimum in 1960, and warmer temperatures prior to that minimum. Therefore, we suggest that the Tiksi record follows the circum-Arctic trend and furthermore that this region indicates temperature changes amplified over even the Arctic mean. Mean Arctic temperatures show warming from the 1850s onwards, reaching their warmest pre-2000 levels from the 1940s on. Together with the fit to the recent Tiksi record, these trends are similar to the reconstructed Sardakh Island temperature trends. Both begin to rise around 1850, a century ahead of such warming at Mamontov Klyk, both show elevated temperatures between 1931 and 2000, and a similar recent rise of 2.7-3
• C. Despite their similarities, the reconstructed histories in the Laptev Sea region at Mamontov Klyk and Sardakh Island suggest some local differences in permafrost surface temperature history. While Sardakh Island is more similar to regional Arctic temperature trends, Mamontov Klyk is consistent with Arctic trends only in the most recent decade and is more similar to northern hemispheric scale mean trends before then. There is consistency between our Sardakh reconstruction and observational records from Tiksi and Stolb. The only record from the vicinity of the Mamontov Klyk borehole is from Terpyai Tumus. This record is only 30 years and not long enough to correlate it with either reconstruction, but there is consistency between our Mamontov Klyk reconstruction and a record from Olenek (Fig. 4) albeit the latter being further south. In addition, consistency is indicated between our reconstructions and temperature data from the CRU TS grid, interpolating instrumental observations to the remote locations of Mamontov Klyk and Sardakh Island, with agreement to the two differing trend types, respectively.
Despite the differences between both borehole reconstructions, it is interesting to note that the final ground temperatures (2011 and 2012) at both sites were almost similar. The reconstructions' ground surface temperatures for both sites were also almost equal two centuries ago, i.e., levels of −14.2 and −14.3
• C , although the assumed climate as well as the deeper permafrost temperatures observed in the boreholes suggest a colder climate at Mamontov Klyk. This might indicate colder initial ground temperatures at Mamontov Klyk well before the time period reconstructed in this study.
Site differences
Reasons for the differences in the reconstruction between the two sites could be differences in environmental influences. The two borehole sites are about 350 km apart and differ in meteorology, atmospheric circulation including impact from snow cover, long-wave radiation, geothermal heat flux, sea ice, and river heat, which may influence their ground surface temperature history.
Mamontov Klyk is far from major river influences but directly at the coast of the Laptev Sea. Sea ice formation and its effect on climate might have a direct influence on the prevalent temperature history [43] and rapid sea ice loss has been connected with accelerated Arctic land warming [53] . Changes to advected heat will thus be sensitive to changes in sea ice cover or open water season duration and to surface water temperature changes. Both changes are difficult to quantify but consistent with warming over the past half century. In the central Laptev Sea, open water season has been reported to have increased by 15 days per year on average for the 2010-2012 period from the previous 20 year mean [32] .
In contrast, Sardakh Island is located in the middle of a large delta. It is separated from the open ocean and its influences by more than 75 km of intervening deltaic deposits, lakes, and river channels. It is adjacent to a major discharge channel of the Lena river which transports heat several hundred kilometers (year-round, in winter under up to 1.5 m river ice) from warmer southerly latitudes. Observational records suggest that both discharge [73] and heat transport [96] are increasing. Additional lateral heat input could dominate over the surface temperature forcing if (i) a strong enough temperature difference between river and surface temperature exists over long time periods or during a sensitive season, e.g., warm river forcing could prevent winter cooling of the ground, altering the annual mean temperature to a more moderate magnitude than the meteorological trend would predict and (ii) the heat flux from the river at the borehole location is of comparable magnitude to the surface heat flux. To better understand the influence of the Lena River as a local heat source, observations of heat flux in the river bed and banks adjacent to the borehole would provide an indication of the temperature perturbation at the borehole, and support numerical modelling of heat conduction. In general, though, we do not expect the river influence to strongly dominate due to the good agreement with SAT trends of the closest observatories in Tiksi and Stolb.
The trends of environmental changes at both Mamontov Klyk and Sardakh are consistent with reconstructed temperature records. Differences between their dominating environmental influences may be responsible for differences between the sites.
As part of the atmospheric circulation patterns, cloudiness during winter is another factor influencing the surface temperatures. In the surface energy balance, net radiation during the winter period is mainly determined by the long-wave radiation, with increased cloudiness leading to decreased outgoing long-wave radiation and warmer surface temperatures. Changes to cloudiness, i.e., the evolution of winter time cyclone activity at the sites, could drive the evolution of permafrost temperatures [51] , but are difficult to assess. Vavrus et al. [91] show increased autumn cloudiness associated with recent sea ice minima and further suggest that the rapidly declining Arctic sea ice will be accentuated by changes in polar clouds. The differences between the sites might indicate general differences in atmospheric circulation with cloud cover such as cyclonic activity.
Although geothermal heat flux has been shown to vary over very short spatial scales, e.g., in Antarctica by over 150% over 10-100 km [12] , the global map of heat flux in Davies [17] gives values that differ only by less than 5% between the sites. Differences could potentially originate from snow cover impact and its influence on differences between ground and air temperatures. If long-term snow cover variation differed spatially between the two sites, the same air temperature history could yield differences in the ground temperature history. Langer et al. [52] report that 10 mm deviation in snow water equivalent could translate to up to 2.5
• C deviation in ground temperatures at 2.5 m depth on annual to decadal time scale. No long-term snow cover observations exist for either site. However, interannual variations of snow depth analysis data from the Canadian Meteorological Centre (CMC) for the period of 1998-2015 [10] appear to be correlated (Fig. 5) , suggesting that both sites are similarly affected by synoptic variations during this time period. During the data period, Mamontov Klyk exhibits a generally higher mean snow cover (10 vs. 7 cm) with only a few exceptions where severe winters at Sardakh lead to thicker snow cover relative to Mamontov Klyk (winter of 1998/99, 2005/6, 2008/9). Regarding the annual mean trend in snow depths, a general similar pattern at both sites is apparent. At decadal-to-centennial time scales, other borehole studies [6, 14, 35] (see ESM.1) indicate air-ground coupling even with changes to snow cover and soil moisture.
Methodological considerations
In the geothermal method used, the borehole temperature profiles have a direct association with temperature in the ground surface temperature (GST) history (since they are the direct physical remnants of past changes at the surface). This direct relationship removes ambiguity related to the necessary calibration introduced in proxy record reconstructions, which affects temperature inference [36] . The disadvantage in geothermal reconstructions, however, is a progressively Fig. 5 Monthly snow depth analysis data [10] for the Mamontov Klyk and Sardakh Island locations. Dots represent the annual mean lower resolution in the increasingly distant past. Differences between geothermal and various proxy-based reconstructions have been ascribed mainly to different seasonal sensitivities in their temperature biases. For example tree ring proxies are sensitive to the growing season and ice core isotopes respond to the snow season. Proxies tend to be biased towards a particular season, whereas borehole temperatures respond to the surface temperature signal continuously and throughout the year.
Ground temperatures respond to surface air temperatures, but also to other processes that may superimpose non-climatic energy perturbations on the climatic signal. As discussed in ESM.1, a warmer season bias was implied in some studies, but the re-analysed data suggest that it contains both summer and winter effects, and additional data indicate that GST compares favorably to SAT trends even in the presence of snow and freeze/thaw cycles. Those results indicate airground coupling at decadal-to-centennial time scales and that geothermal reconstruction anomalies are robust longterm change indicators under conditions of conductive heat transport. Our reconstructed ground surface anomalies are thus interpreted to reflect SAT trends with the potential exception of the most recent decade, which might be affected by interannual variation in the offset between air and ground temperatures. The fact that both sites' histories are reminiscent of paleotemperature records suggests that the transferability to SAT is likely high, and that the differences between reconstructed temperature histories for the two sites most likely result from differences in meteorological conditions.
In the perennially frozen Arctic region, non-conductive processes affect the active layer. The reconstructed temperature histories represent the ground temperature changes at the upper boundary of the heat conduction domain [56] , which, in this permafrost setting, is the top of permafrost. Even in the active layer, however, heat conduction is found to be the dominant process, with non-conductive transport contributing less than 3% to the mean heat flux [94] . Their results indicate that heat conduction plus a process description of freeze/thaw is appropriate to explain the thermal regime in the active layer. To assess the impact that latent heat effects may have on deeper permafrost temperatures, we modelled the reconstructed temperature history with the superposition of a seasonal freeze/thaw cycle. The result (Fig. S3 b) shows that latent heat effects have only a small impact on the recovered temperature history (see ESM.7 for more details).
The assumption of the initial subsurface temperature condition may bias our results. The equal levels of reconstructed surface temperature in the past at both sites, despite the observed colder deep permafrost temperatures at Mamontov Klyk, could also indicate that the initial conditions constructed from the deep Tiksi borehole were less appropriate for the Mamontov Klyk site. Mamontov Klyk is three times as far away from Tiksi as Sardakh, and its unconsolidated and relatively ice-rich subsurface differs in thermal diffusivity from the rocky Tiksi and Sardakh borehole sites, leading to potentially slower propagation of the Holocene transient warming signal. The Mamontov Klyk borehole is not deep enough to observe the geothermal gradient and the ambient quasi-steady-state temperature profile at the site. There are no other borehole data that could be used to evaluate the disparity between Tiksi and Mamontov Klyk. Nonetheless, transient Holocene warming is clearly visible in the borehole temperature record from Tiksi, indicating pre-warmed and not equilibrium conditions at the start of the reconstruction. We consider the effect of equilibrium initial conditions in ESM. 6 .
While the character of the specific inversion methods is reflected in the respective solutions as expected, a shortcoming in the resolving ability of the parameterization of the temperature history has a large impact on the reconstructed solution (ESM.8). The four-segment parameterization is only adequate to resolve the variations necessary in our reconstruction when used over a shorter time span of 150 a (Fig. S3 c) . This shows that the choice of search space parameterization in optimization studies can be of high impact and must, therefore, be well considered. Nonetheless, the inversion solution of all three methods-when this limitation is taken into account-agrees quite well with each other. The reconstructed temperature histories thus seem robust against variation of the chosen inversion method.
Implications
Borehole temperature reconstructions from shallow permafrost boreholes prove successful in filling the gap of recent (up to the previous 200-300 a), well-resolved temperature records in the absence of tree ring proxies in the arctic tundra region. Resolution on the short time scale is good which overcomes poor age control in long-term radiometric dating techniques in this regard. For the Mamontov Klyk region, where no closer direct observations exist, this is the first time that a temperature record is recovered at this site of ongoing permafrost degradation. The reconstructed ground surface temperatures are directly valuable to permafrost models and to evaluating permafrost processes in the Siberian Arctic as they provide the temporal temperature changes at the permafrost table (the top of the mostly conductive regime) or at the standard depth of permafrost temperature observation (20 m below surface). The former parameter is the necessary upper boundary condition for forcing model assessments of the evolution of permafrost.
We caution that, due to the increasingly limited temporal resolution further back into the past, these reconstructions do not provide a means of comparing amplitudes of temperature change in recent time intervals to 7 Page 14 of 17 those in intervals further in the past. Peaks here can be interpreted as a lower bound of temperature extrema. The uncertainty in the PSO solution distribution is a measure of the potential for short-term variation that is smoothed out by the diffusive processes. High frequencies are better resolved the more recent they are. As a consequence, the most current time span is the one with most detail. Nonetheless, the rapid recent increase is observed at both sites. Whether this signal will endure over longer time scales or remain transient (and be consequently smoothed out in future geothermal records as past transient high excursions may have today), will only become evident if the higher temperature persists in the future or by improving the resolution of the recovered temperature history. Combining the borehole temperature reconstructions with a proxy record with sensitivity to higher frequency modulations in the past of the temperature history could improve the resolution [20] . Unfortunately, even oxygen isotope variations in ice wedges do not achieve the required decadal resolution [62, 69] .
Implications for the Laptev Sea region include:
(1) The reconstructed magnitude of changes is consistent with the observation that the region is amplified in its temperature changes even above the mean Arctic temperature change. This observation from the Tiksi SAT record is also in line with a recently reported c. 2.5 times higher warming rate for central Yakutia [8] . ( 2) The spatial differences between the two sites imply that climate trends did not necessarily affect both sites in the same way. This suggests that regional-scale temperature reconstructions are not necessarily valid locally. (3) Despite the spatial variability, temperature histories at both sites are consistent with a recent rapid warming. This indicates that the recent warming signal is of synoptic scale and dominates over previous spatial variability. (4) Our reconstructions provide information on the differences in the temperature history from simply using a shifted regional Arctic or even global mean temperature curve for the entire region. Studies of subsea permafrost distribution in the Russian Arctic [66, 79, 80] for example so far have utilized a global temperature trend curve adapted by offset for different locations due to the large-scale nature and the sparsity of data. However, our findings of spatial differences in the temperature trend during the last 200-300 a are a strong indicator that differences were probably present in earlier times, as well. Due to the spatial variability in the Laptev Sea region, site assessment of permafrost degradation might be strongly a priori biased if a larger scale mean temperature history instead of these local reconstructions is used.
Conclusions
Ground surface temperature histories reconstructed from borehole temperatures at two sites in the Laptev Sea region in the Russian Arctic show rapid recent warming. Local records of paleotemperature are sparse for this region, which is underrepresented in circum-Arctic temperature reconstructions. We used two inversion methods to find the most likely temperature histories required to describe the observed temperature profiles in the boreholes. Local differences, such as later warming and warming of higher magnitude, from current circum-Arctic temperature reconstructions were shown to exist in the study region. Spatial differences in past temperature trends between both sites suggest that additional records will uncover local-toregional-scale variability. Understanding this spatial variability will depend on data on the variability of potential influences such as sea ice and snow cover. Our results provide a basis for local surface temperature record parameterization of climate models and permafrost models in particular.
